; accepted for publication 6 July 1994) Angular dependence of grazing-incidence x-ray scattering and Ge Ka fluorescence yield were measured for buried ultrathin Ge layers grown on bulk Si by molecular beam epitaxy. Results obtained for samples with different Ge layer thickness are compared. The data reveal information on microstructures in these layered materials in terms of the average interfacial roughness, correlation lengths of height fluctuations, and Ge density profile. Structural parameters are obtained by comparison of experimental data with theoretical models.The results also indicate that the interfacial roughness at neighboring interfaces is highly correlated. Significant changes of microstructures in the Ge epilayer are found as the layer thickness approaches the critical thickness. The x-ray scattering techniques are demonstrated to be capable of detecting a precursor of lattice relaxation in multilayers of lattice-mismatched compound semiconductors.
Characterization of interfacial microstructures in multilayer materials is important for the fabrication of synthetic superlattice devices. This is especially useful for the study of Sit -,Ge, and Si,Ge, systems, as these superlattices have recently become important candidates for new Si-based optoelectronic devices. In these systems the normally forbidden indirect optical transitions in bulk Si and Ge can become weakly allowed; this effect is crucial to the efficiency of some practical devices such as the Si-based light emitting diodes.rw4 For a physical understanding of the effects of interfaces, it is essential to investigate the changes in the interfacial microstructures, such as roughness, as a function of the thickness of Ge epilayers grown on Si. In this work, we have applied the techniques of grazing incidence x-ray scattering (GIXS) and Ge KCZ fluorescence yield (FY) to a study of microstructures of buried ultrathin Ge layers grown on bulk Si(100) substrate. Using this method, the thickness of the Ge layers, root-mean-square (rms) interfacial roughness as well as the lateral cross correlation lengths of roughness are obtained. A similar x-ray investigation of Sit -xGe, /Si heterostructures has already been reported elsewhere.5
Our longitudinal scattering data are compared with theoretical calculations of specular reflectivity based on the Fresnels' laws of optics, incorporating a vector scattering model developed by Vidal and Vincent.6 In this model, the rms roughness is introduced by assuming a Gaussian distribution of deviations of interfacial height from an ideal planar boundary. The net effect of x-ray reflection from such a rough surface amounts to a simple modification of the usual smooth surface reflection with an additional Debye-Wallerlike factor provided the layers are all continuous with thickness larger than the rms roughness.5Z6 Diffuse scattering of x rays from a layered structure can provide information on the correlation function of roughness at different interfaces. For most solid interfaces, the roughness can be associated with a self-aftme surface as defined by Mandelbrodt7 in terms of fractional Brownian motion. The correlation function of roughness in a multilayer structure can be written ass
where Szj(X,Y) is the height fluctuation on jth interface at the position (x,y) from an arbitrary origin, R= &T is the distance from that origin, aj and Zj are the rms interfacial roughness and mean height position of the jth interface, respectively; 41 and & are the lateral-and cross-correlation length, respectively; and h is a texture coefficient related to the fractal dimension of the surface.s
The experiments were carried out at the X3Bl beamline, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The experimental setup and procedures have been reported elsewhere.g The samples measured in this study are thin Ge layers grown by molecular beam epitaxy (MBE) on Si(100) substrate. The substrate temperature was held slightly below 3.50 "C. A Si buffer layer was first grown on Si(100) before the Ge layer, and a Si cap layer about 50 A was grown on the Ge layer. The nominal thickness of the Ge layer was estimated to be about 4, 12, and 17 A during growth for samples labeled A, B, and C, respectively.
The measured specular reflectivity data of these samples, corrected by subtracting out the longitudinal diffuse scattering (LDS) background,5 are shown in Fig. l(a) (circles) . The solid lines in this figure are theoretical calculations used to fit the experimental curves. The fitting parameters, such as thickness and roughness, etc., are summarized in Table I . In the calculations, the refractive index of pure Ge was used for the Ge epilayer, and a constant atomic density within the Ge h A e-7, , , For sample A (4 A Ge), however, significant discrepancy between the theoretical calculations and experimental data appears at high momentum transfer qZ. This cannot be simply explained by roughness or alloying as both of which should cause a decrease in the oscillation amplitude for large qZ. We believe the reason lies in the breakdown of the Vidal and Vincent model6 for this sample where the basic assumptions of a continuous Ge layer and the interfacial roughness being smaller than the layer thickness could become invalid. It is conceivable that for an estimated thickness of 4 A, there could be intermixing of Ge and Si and formation of unconnected cluster-like structures at the Ge/Si interfaces. It follows that the roughness parameter is actually not well defined and the thickness as determined mainly from the low-q, data appears questionable for this thin Ge layer. The parameters in Table I for sample A obtained on the basis of a simple pure Ge one-layer model should be subjected to sub- stantial corrections. More work is needed in order to settle this complicated problem. The breakdown of the assumption of a pure Ge layer in this sample is at least partially supported by previous Raman and ellipsometry studies of similar samples,g in which no Ge-like transitions were found in a 4 A Ge layer and the dielectric function showed characteristics of a Sia.sGe,, alloy. Results of LDS for samples B and C, obtained by offsetting the detector at 0.15" from the direction of specular reflection, are shown in Fig. l(b) . We note that the LDS data show a similar oscillation pattern as that of specular retlectivity. As it has been discussed by Sinha et al.,' this means that the interfacial roughness at the two interfaces of the Ge layer is correlated (or conformal) for both samples B and C. Theoretical calculations of LDS are shown by solid lines (shifted below the experimental curves for clarity) in Fig.  l(b) . The theoretical calculations reproduce all the essential features in experimental data. By this comparison and from Eq. (l), the cross-correlation lengths for samples B and C are determined to be 50 and 80 A (see Table I ). These values can be reasonably compared with their respective thickness of 48 and 76 A, indicating that the interfacial roughness actually propagates from the bottom to top of the Ge layers. Although the calculated period and amplitude of oscillations are in good agreement with the data, there is still a discrepancy in the smooth background at large qz, most likely caused by scattering from other surface area outside the sample and a nonconstant background noise in our experimental system. As for sample A, no reliable value for the cross-correlation length can be obtained, even though the LDS data also show similar oscillation patterns as that of specular reflectivity.
The measured transverse diffuse scattering (TDS) data are shown in Fig. 2 (circlesj and the solid lines are theoretical calculations using parameters given in Table I . For samples A and B, the lateral-correlation lengths are determined to be 1240 and 1460 A, respectively, which are quite different from that of 4680 A for sample C. Further, the texture coefficient h was determined to be 0.55 and 0.51, for samples A and B, respectively; hence the correlation function decays exponentially with distance [See Eq. (l) ]. On the other hand, h was found to be 0.95 for sample C, indicating a significant change in the "global landscape" on the interfaces between Si and Ge in this sample.
The difference in the interfacial microstructures between sample C (18 A Ge layer) and samples A or B can be attributed to structural changes in the Ge layer as the film thickness approaches the critical thickness. A rough estimate of the critical thickness for Ge epilayer on Si is around 23 A based on an idealized model. '" In sample C, the large change of the texture coefficient h can be taken as a precursor for the onset of partial lattice relaxation. This reasoning is further supported by another feature in the TDS data on sample C where two small humps appear symmetrically about the central specular peak (as indicated by two arrows in Fig. 2) . sample C. Since the TDS scan probes essentially the lateral microstructures,* these two humps can be attributed to microstructural ordering due to the formation of some highly correlated arrays, such as undulated interface variations or islands.'r Islanding process can start as early as about ten monolayers of Ge. This is also consistent with the results of early experiments which showed that strain relaxation in Ge thin films on Si(100) is indeed related to the formation of islands. r* The position of these two peaks at t3.0X10-4 A-' in Fig. 2 corresponds to a characteristic length of 2.1 pm in real space, which may be taken as an average distance between the undulated height variations or islands. Our results thus demonstrate that the x-ray scattering technique is capable of detecting early lateral microstructural changes in epilayers.
The FY data of Ge Ka emission as a function of the grazing incidence angle are shown in Fig. 3 as open circles and theoretical calculations as solid lines. In the fitting procedure the structural parameters obtained from scattering data were used and the Ge profiles were assumed to be a setup function. The theoretical calculation and experimental data are in excellent agreement. This result also lends further support to our earlier assumption that the Ge concentration is constant in the epilayers.
in conclusion, our x-ray scattering and fluorescence results show that buried ultrathin Ge layer MBE grown on Si can have a reasonably sharp interface under proper growth conditions. The roughness at neighboring interfaces are conformal, i.e., strongly correlated, and the cross-correlation length is comparable with the layer thickness. The lateralcorrelation length of interfacial roughness is on the order of several thousand A. For a very thin 4 A Ge layer, a simple one-layer model with interfacial roughness cannot account for the observed scattering effects due to the possibilities of forming a discontinuous layer with large roughness (e.g., isolated clusters) or interdiffusion at the interfaces. When the Ge thickness approaches the critical thickness, significant changes in the global interfacial microstructures can take place, which can be detected as a precursor by the x-ray scattering measurements.
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